In poultry, feeding diets including high concentrations of non-starch polysaccharides limits growth rate and feed conversion ratio, and causes problems in health and welfare because of the production of wet droppings. This problem is becoming more important as pressure builds to reduce costs by using alternative sources of dietary protein, such as lupin grain, rather than fish-or soybean-meal. We therefore tested whether enzymes that break down non-starch polysaccharides can overcome the problems with a lupin-based diet fed to Japanese quail. Chicks (18 days old) were allocated among 8 treatments, each replicated 3 times, with 12 chicks per replicate (ie, 36 birds per treatment). Chicks were fed diets formulated to contain 24% crude protein and 12 MJ/kg apparent metabolisable energy (AME). The diets included 10% or 20% lupin meal and, for each level of lupin, they were formulated in one of four ways: 1) no enzyme; 2) pectinase (1.4 U/g polygalacturonase and 0.2 U/g pectinesterase); 3) xylanase (1,4 endo-xylanase; 0.38 U/g); 4) combination of the above pectinase and xylanase treatments. The results indicated that, from age 28 days of age, both lupin content and enzyme treatment significantly (P < 0.05) affected chick performance. Compared with the no-enzyme control, enzyme treatments improved growth at 35 days by 45-50% (P < 0.05) and feed conversion ratio by 20-30% (P < 0.05) for both levels of lupin content. In addition, dry matter digestibility and apparent metabolizable energy were significantly improved by the combined enzyme treatment for both levels of lupin inclusion. We conclude that pectinase and xylanase can overcome the negative effects of the non-starch polysaccharides in lupin meal, improving the growth of quail chicks fed lupin-based diets, and that the enzymes work best when combined.
Introduction
There is growing worldwide interest in quail production because, compared to broiler chickens, the birds grow faster, are easier to handle and provide 'healthier' meat and eggs for human consumption. However, their feed conversion ratio (FCR) is much higher than that of broilers 3.3 vs. 1.7 (Arslan and Seker, 2002; Selle et al., 2002; Namra, 2006; Olkowski et al., 2010) . Exacerbating this problem, quail producers have been experiencing unprecedented increases in costs due to the global increase in prices for major dietary components, such as soybean meal. Feed is the single major cost (70%) of total quail production (Louw et al., 2013) , so there is a strong drive to replace soybean meal with a less expensive source of protein.
The cost of one realistic alternative, lupin meal, could be as little as half that of soybean meal. In recent years, poultry industries in many countries have become increasingly interested in lupin grain, but the amount added to diets has been greatly restricted by the presence of high concentrations of indigestible carbohydrates (35%), mainly non-starch polysaccharides (Petterson and Mackintosh, 1994; King et al., 2000) . The main non-starch polysaccharides (NSPs) in lupin meal are pectins (polygalacturonans), galactans, rhamno-galacturonans, arabinans and xylans (Evans et al., 1993) . Pectins increase the viscosity of the digesta, inhibit digestion of nutrients, and increase water intake, thus causing wet droppings (wet litter) with all of the associated problems in health, welfare and management. As a consequence of poor utilization of nutrients and metabolisable energy, the FCR is poor (Hughes et al., 2000) . Moreover, indigestible materials accumulate in the gut, reducing feed intake (Brenes et al., 1993; Brenes et al., 2002) . The overall outcome for broiler chickens, therefore, is lower growth with lupin-based diets than with soya-based diets (Olkowski, 2011) .
Birds lack the enzymes needed to digest NSPs, so a potential solution to the problems with lupin-based diets is to add exogenous enzymes, such as pectinase and xylanase. With chickens, this approach reduces the incidence of wet droppings and improves weight gain by 6% and FCR by 6%, (Ali et al., 2006; 2009) . Enzyme treatment of lupin-based diets therefore shows great potential for improving nutritive value, digestibility, nutrient availability and growth performance (Hughes et al., 2000; Brenes et al., 2003; Ali et al., 2009; Olkowski, 2011) . Importantly, in vitro, these enzymes interact synergistically, providing even greater improvements in the value of lupin meal (Khalil et al., 2014) . Here, we tested whether the advantages of combining pectinase and xylanase can also be seen in vivo with Japanese quail.
Materials and Methods

Birds and housing
This experiment was approved by the Animal Ethics Committee of the University of Western Australia (Approval RA/3/100/1335). A total of 288 (18-day-old) Japanese quail chicks were allocated among 8 treatment groups, with 3 replicates per group. The chicks were housed in brooder cages from hatching to 14 days of age, and then transferred into rearing cages. Bird comfort and housing conditions were carefully monitored daily.
Brooding/rearing cages: birds were confined to a small space under the heat source, near feed and water. On day 15 after hatching, they were transferred to the rearing cage and maintained on a fine wire mesh of same size as in the brooder cage (1 cm 2 ) and, from day 21, they were kept on a rearing cage with a wire mesh floor.
Brooding: one brooder cage was used for 361 chicks after hatch; the cage had 5 levels, each with space of 170 x 40 cm, thus providing a minimum of 50 cm 2 per bird (200 birds/m 2 ) for the first 2 weeks after hatching, as recommended by the Australian Code of Practice. Heating was provided on half of the brooding floor (0.8 m 2 ; 0.80 m x 1 m), an area sufficient for 160 chicks after 7 days.
Rearing: the three rearing cages each had 5 levels, each with two partitions of 150 × 100 cm and a manure tray underneath to collect droppings. Water and feed were provided ad libitum through an automatic watering system and an exterior feeder. Each rearing cage was 50 cm × 75 cm and housed 12 birds, thus providing 312 cm 2 per bird from the start of rearing to 7 weeks of age. The Australian Code of Practice minimum is 77 cm 2 per bird (130 birds/m 2 ) for ages 2-6 weeks and 125 cm 2 per bird (80 birds/m 2 ) for adults.
Dustbaths: from day 1 after hatching, chicks were given access to peat moss, initially on shallow trays and, when they were 3 weeks old, on deeper trays. During the experimental period, dust baths were removed for a day to allow collection of clean excreta.
Temperature was maintained at 37°C on day 1 after hatching and then progressively decreased to 31°C by 14 days of age. From the start of week 3, it was further decreased by 1.5 degrees per week to 25°C when the birds were 6 weeks old. Light/Dark schedule: daylength was 24 h in week 1, 23 h in week 2 and, from week 3, it was decreased by 30 min daily so a 16:8 light:dark photoperiod was established at 4 weeks of age.
Experimental diets
Chicks were fed the experimental diets from 18 days of age, and were allowed 3 days to adapt before measurements were begun. Diets had been formulated to meet the nutritional requirements for Japanese quail (National Research Council, 1994) and were offered in crushed pellet form. Chicks in each group were provided with unlimited access to the experimental diets. The diets had been formulated to contain 2 levels of lupin kernel (10 and 20%) as a replacement for soybean meal (Table 1) . For each level of lupin content, there were 4 enzyme treatments: 1) No enzyme (control); 2) Pectinase (1.4 U/g polygalacturonase and 0.2 U/g pectinesterase, Novozymes Australia); 3) Xylanase (0.38 U/g 1,4 endoxylanase, Novozymes Australia); 4) Pectinase + xylanase treatments combined. Enzyme levels were calculated according to our in vitro experiment, manufacturer's recommendations, and published reviews (Khalil et al., 2014) . 
Experimental measurements
Growth: every bird was weighed every week, on a digital balance, using a 20 x 20 x 30 cm cardboard box (with small holes for the aeration and light) with a lid. The birds were captured gently, put into the preweighed box, and the lid was closed. Shortly after weighing, birds were taken out and released back into their pen. For each group, the amount of feed provided and residuals in the trough were weighed to provide weekly estimates of consumption. Feed conversion ratio was calculated based on the data recorded for body weight and feed intake.
Apparent digestibility of dry matter (DDM): excreta was collected on plastic sheets placed underneath each cage daily for 3 subsequent days, pooled for each cage and stored at -20°C until the end of the experiment. The coefficient of DDM was determined for the diets according the formula provided by Olkowski et al. (2010) : DDM = (Feed DM intake -Excreta DM output)/Feed intake.
Apparent metabolisable energy (AME): the freeze-dried samples of excreta and diets were ground to pass through 0.5 mm screen, compressed into pellets, and ignited in a Parr 1261 Isoperibol Bomb Calorimeter. Values for gross energy (GE) released (MJ/kg) were used to calculate AME (Brenes et al., 2002) : AME = [(Feed intake x Diet GE) -(Excreta output x Excreta GE)]/Feed intake.
Statistical analysis
Data were analyzed (SAS V9.3) for each measured trait using a (2 x 2 x 2) complete factorial model: 2 levels of lupin content, 2 levels of pectinase (+/-) and 2 levels of xylanase (+/-). Differences were considered significant at P < 0.05 and significant differences between means were tested by Duncan's multiple range test (Duncan, 1955) .
Results and Discussion
The analysis of variance revealed significant (P < 0.05) effects of all 2-way interactions (P < 0.05) as well as the 3-way interaction (lupin x pectinase x xylanase; P < 0.05) for all variables, from the age of 28 days. Up to the age of 35 days, body weight gain was significantly greater with the 20% lupin than with 10% lupin diet, but thereafter it was 16% lower for the 20% lupin diet than for the 10% lupin diet ( Table  2 ). The addition of enzymes to lupin-based diets did not affect weight gain up to age 28 days, for either the 10% or 20% lupin diets (Table 2 ) but, thereafter, significant effects were evidentby 35 days, the combination of pectinase and xylanase had improved weight gain by 7% for the 10% lupin diet and by 10% for 20% lupin diet, compared the diets with no supplement. By age 35 days, the benefit for all enzyme treatments was clear for the 10% lupin diet, with the combined enzymes improving weight gain by about 50% compared to control values (Table 2) . For the 20% lupin diet, the combination also improved weight gain, but only by 30% compared to control values. Values for the combination of pectinase and xylanase did not differ from those for the individual enzymes for the 10% lupin diet but, for the 20% lupin diet, significantly improved weight grain compared to xylanase alone.
For feed intake, the results summarized in Table 2 show that, up to age 35 days, there was a significant (P < 0.05) main effect of lupin level, as well as enzyme supplementation (P < 0.05). Up to age 28 days, the individual enzymes did not affect feed intake with the 10% lupin diet, but did induce significant improvements with the 20% lupin diet compared to the control groups. The combination of pectinase and xylanase was significantly better than the individual enzymes for 10% lupin but, for 20% lupin, it was only better than xylanase alone (Table 2) . By 35 and 42 days, feed intake was significantly lower for all enzyme treatments supplemented to either levels of lupin (10% and 20%) compared to the control values. The combination of enzymes was significantly better than pectinase or xylanase alone, except for the 20% lupin diet at 35 days, where the values for pectinase alone were similar (Table 2) .
For feed conversion ratio, the main effect of lupin content was significant (P < 0.05) as was the main effect of enzyme (P < 0.05) after 28 days. There was a lupin x enzyme interaction at 28 days of age, with enzyme supplementation having no significant effect for the 10% lupin diet and, for the 20% lupin diet, only the treatments containing pectinase were beneficial. However, by ages 35 and 42 days, almost all enzyme treatments improved conversion ratio for both diets. The enzyme combination was better than the individual enzymes at 35 days, although some differences were no longer significant at 42 days. Thus, at 42 days, the combined enzymes improved FCR by 45% for the 10% lupin diet and by 34% for 20% lupin diet, compared to the control group (no enzymes). Importantly, except for the control, feed conversion ratio was higher for groups fed 20% lupin meal than for groups fed 10% lupin meal.
The main effect of lupin content was significant (P < 0.05), with the 10% diet showing 30% higher digestibility of dry matter and apparent ME than the 20% lupin diet. All enzyme treatments significantly improved both apparent dry matter digestibility and ME compared to the nonsupplemented groups. For both measures of efficiency, the combination of pectinase and xylanase proved superior with both levels of lupin content, compared to pectinase or xylanase alone. Importantly, for all treatments, 20% lupin inclusion resulted in lower performance than 10% lupin inclusion. We therefore conclude that supplementation of lupin-based diets with pectinase or xylanase improves the growth performance of Japanese quail chicks. In general, significant benefits for weight gain were associated with lower feed intake, better feed conversion, increased digestibility of dry matter.
In the absence of enzyme treatment, the negative effects of lupin meal on growth and digestibility in quail were similar to those documented for broilers, and can be attributed to the high NSP content in lupin kernel (Brenes et al., 2002; Orda et al., 2006) . In broiler chickens, it has been calculated that each 1% increase in lupin NSP decreases AME by 0.288 MJ (Sipsas and Glencross, 2005) . We therefore support the view that soluble NSPs in lupin meal will have anti-nutritive effects for many species of birds (Choct and Annison, 1992) . Lupin meal contains a variety of NSPs (Cheetham et al., 1993) , so various NSPdegrading enzymes could theoretically eliminate the problem. Indeed, individual NSP-degrading enzymes, such as pectinase and xylanase, have been shown to improve growth of broilers fed lupin-based diets (Choct et al., 1999; Ali et al., 2006 Ali et al., , 2009 Esmaeilipour et al., 2011; Coppedge et al., 2012) . The present study extends this concept to Japanese quail.
The combination of pectinase and xylanase was generally better for growth than the individual enzymes. Theoretically, the two enzymes work synergistically on the complex structure of lupin NSPpectinase solubilizes pectins by cleaving the glycosidic bonds between the main pectin chains, leaving smaller highly branched fragments with long side-chains (Annison et al., 1996) . These side-chains are then available for breakdown by xylanase as it attacks the xylan side-branches attached to the main pectin chain. Combining the enzymes releases more nutrients trapped within the cell wall of the lupin kernel (Kalmendal and Tauson, 2012) , achieving even greater benefits for poultry performance in lupin-based diets (Brenes et al., 1993; Roth-Maier and Kirchgessner, 1995; Annison et al., 1996; Naveed et al., 1999; Meng and Slominski, 2005) . This concept is also applicable to diets that contain soybean meal, canola meal and wheat, where treatment with multi-enzyme preparations containing xylanase, glucanase, cellulase, pectinase, and mannanase, increase body weight and AME for broiler chicks from 5-18 days of age (Meng and Slominski, 2005) .
Conclusion
When feeding Japanese quail with diets containing 10% or 20% lupin meal, supplementation with a combination of pectinase and xylanase will improve bird performance. Assuming lupin meal costs considerably less than soy meal, overall costs should be reduced, increasing productivity. High NSP diets often cause wet droppings, compromising animal welfare, and these problems will probably be avoided by the use of enzyme treatments. With 20% lupin meal, some problems remain so, at this stage, we recommend the replacement of only 10% soybean meal with lupin meal.
